a-Azide-u-alkynyl ester monomers were designed and synthesized in order to obtain hydrolytically degradable polymers. The monomers were prepared from D-galactose, as a renewable resource.
Introduction
Copper assisted azide-alkyne cycloaddition (CuAAC) 1 applied to click polymerization 2 is a powerful tool for the synthesis of polymers, due to high reaction rates and yields, combined with smooth reaction conditions in several solvents and high tolerance to many functional groups. The CuAAC reaction satises all the criteria established in the click chemistry concept by Sharpless. 3 The 1,4-disubstituted 1,2,3-trizole ring formed is known as a low toxic group that has been exploited for the generation of many medicinal scaffolds exhibiting anti-HIV, anticancer, and antibacterial activities. 4 The uncatalyzed thermal cycloaddition of azides and alkynes yields a mixture of 1,4-and 1,5-disubstituted regioisomers. 5 Azide and alkyne functionalities can be easily introduced into organic molecules and remain considerably robust in the presence of other functional groups and common chemical reagents. In carbohydrate chemistry, a sugar can be easily modied with alkyne or azide functionalities in routine synthetic protocols. 6 Polymer synthesis from renewable biomass resources, 7 in particular from carbohydrates, 8 is a promising and developing eld. Carbohydrates are seen as a readily available feedstock with interesting chemical properties, due to their diverse functionality and stereochemistry. The hydrophilicity endowed by the free hydroxyl groups present in native carbohydrates could be modulated by the use of protecting groups. Carbohydrate-derived linear AB polytriazoles, 9 A 2 B 2 polytriazoles, 10 AB poly(amide-triazole)s, 11, 12 and A 2 B 2 poly(estertriazole)s 13, 14 were mainly reported by the groups of Drockenmuller and Galbis. In a previous work, we have reported the synthesis and characterization of carbohydrate-derived poly(amide-triazole)s with the secondary hydroxyl groups protected as their methylidene acetal derivatives. 15 These materials, obtained from a rigid monomer derived from D-gluconolactone, were very insoluble and exhibited unusually high T g values. In the present work we have designed a more exible monomer in order to improve the solubility in common organic solvents and to study the inuence of a exible monomer on the properties of the resulting polymer. The synthesis was planned in order to follow the principles of Green Chemistry, 16 namely renewable starting materials, high yields, safe reaction conditions, energy efficiency, catalysis, atom economy, and degradation.
Polyesters like polycaprolactone, polylactide, and polyhydroxybutyrate constitute important biodegradable materials. 17 Thus, we were interested in combining the degradability of the ester linkage with carbohydrate monomers that could be subjected to CuAAC polymerizations, to give linear poly(ester-triazole)s. In addition, chiral AB carbohydrate monomers were designed in order to obtain stereoregular polymers. The monosaccharide of choice was the readily available and inexpensive D-galactose, which was oxidized to sodium D-galactonate or D-galactono-1,4-lactone (1) by an improved procedure developed in our laboratory. 18 From lactone 1, the aazide-u-alkynyl ester monomer was prepared, with the secondary hydroxyl groups protected as labile isopropylidene acetals. The thermal properties and the chemical degradation of the resulting polymers were studied. It was expected that the change from amide to ester functionality, and methylidene to isopropylidene protective group would result in more degradable materials.
Experimental
Materials and methods D-Galactose was purchased from B.D.H. Chemicals. Analytical thin layer chromatography (TLC) was performed on Silica Gel 60 F254 (Merck) aluminum-supported plates (layer thickness 0.2 mm). Visualization of the spots was effected by exposure to UV light, by charring with a solution of 5% (v/v) sulfuric acid in EtOH, containing 0.5% p-anisaldehyde or with cerium molybdate solution. Column chromatography was performed with Silica Gel 60 (230-400 mesh, E. Merck). Microwave reactions were carried out in an Anton Paar Monowave 300 reactor. Optical rotations were measured with a Perkin-Elmer 343 digital polarimeter at 25 C and [a] is expressed in deg cm 3 g À1 dm À1 , concentrations (c) are given in g cm À3 . Nuclear magnetic resonance (NMR) spectra were recorded with a Bruker AMX 500 instrument ( 1 H: 500 MHz; 13 C: 125.7 MHz) with residual solvent as the internal standard. The assignments were assisted by 2D COSY and HSQC techniques. IR spectra (neat sample for ATR spectra) were recorded with a Thermo Scientic Nicolet IS50 FTIR spectrometer. High resolution mass spectrometry (HRMS-ESI) was performed in a Bruker microTOF-Q II instrument.
Gel permeation chromatography (GCP) was carried out at 30 C with N,N-dimethylformamide (DMF), pure or containing 0.05% LiBr and 100 mM ethylenediamine as eluent, on a Waters 600 instrument equipped with a Styragel HR 4E (Waters) column.
Thermogravimetric analysis (TGA) was performed in a Shimadzu TGA-51 instrument; samples of about 2 mg were heated at a rate of 10 C min À1 , from 20 to 700 C. Differential scanning calorimetry (DSC) was conducted with a DSC Q20 TA instrument. Samples of about 2 mg were heated from À10 to 250 C at a rate of 10 C min À1 (isothermic 5 min), then cooled at 10 C min À1 to À10 C (isothermic 5 min), then a second heating cycle at 10 C min À1 to 250 C (isothermic 5 min). D-Galactono-1,4-lactone (1) and methyl 6-bromo-6-deoxy-2,3:4,5-di-O-isopropylidene-D-galactonate (2) were obtained as previously described. 18 UV-MALDI-TOF analysis of the polymeric samples was performed using an Ultraex II TOF/TOF mas spectrometer (Bruker Daltonics) equipped with a high-performance solid-state laser (l ¼ 355 nm). Mass spectra were acquired in linear positive and negative ion modes.
Monomer synthesis
Methyl 6-azido-6-deoxy-2,3:4,5-di-O-isopropylidene-D-galactonate (3) . Sodium azide (0.487 g, 7.49 mmol) was added to a solution of compound 2 (ref. 18) (1.507 g, 4.267 mmol) in DMF (4 mL). The mixture was stirred at 80 C overnight and then ltered through celite to remove excess of NaN 3 . Aer concentration and purication by column chromatography (10 : 1 hexane-EtOAC) was isolated compound 3 (1.250 g, 93%) as a colourless syrup.
6-Azido-6-deoxy-2,3:4,5-di-O-isopropylidene-D-galactonic acid (4) . To a solution of compound 3 (3.01 g, 9.54 mmol) in MeOH : H 2 O 3 : 1 (13 mL), KOH (1.3 g) was added, and it was stirred a room temperature for 3 h. Aer concentration under reduced pressure, water (20 mL) was added, and the aqueous mixture was extracted with EtOAc (3 Â 15 mL). The aqueous phase was acidied to pH 2 with 1 M aqueous HCl and extracted with EtOAc (3 Â 15 mL). The combined organic extracts were dried over anh MgSO 4 and concentrated to give compound 6 (2.67 g, 93%) as a white solid.
Propargyl 6-azido-6-deoxy-2,3:4,5-di-O-isopropylidene-D-galactonate (5) . To a solution of compound 4 (384.2 mg, 1.27 mmol) in CH 2 Cl 2 (4 mL) were added 1-hydroxybenzotriazole (HOBt, 0.305 g, 2.26 mmol), N,N-diisopropylethylamine (DIPEA, 0.071 mL, 0.74 mmol) and N-(3-dimethylaminopropyl)-N 0 -ethylcarbodiimide hydrochloride (EDCI, 0.387 g, 2.02 mmol). The solution was stirred under N 2 atm, on an ice bath, for 30 min. Then propargyl alcohol (0.127 mL, 2.20 mmol) was added and the mixture was stirred overnight, under N 2 atm. Aer a second addition of EDCI (0.136 g, 0.71 mmol) and propargyl alcohol (0.070 mL, 1.21 mmol), the stirring was continued at rt for 5 h. The mixture was concentrated and the residue subjected to column chromatography (9 : 1 hexane-EtOAC) to afford compound 5 (0.395 g, 91%) as a white solid.
Polymerization of compound 5
Several polymerization conditions were essayed as indicated in Table 1 , the following general procedures were applied. The CuAAC polymerization in solution is described here, while the other polymerization procedures are reported in ESI. † CuAAC polymerization in solution. To a solution of compound 5 (0.100 g, 0.30 mmol) in the solvent (volume was adjusted to give the concentration indicated), CuOAc was added (0.004 g, 0.030 mmol) under Ar atmosphere. The mixture was stirred in the conditions indicated in the Table 1 . The polymer precipitated out and it was ltered; the solid was dissolved in CH 2 Cl 2 (absence of monomer was conrmed by tlc) and extracted with 1 M NH 4 OH (3 Â 4 mL) and H 2 O (2 Â 4 mL). The organic layer was dried with MgSO 4 and concentrated to give poly(ester-triazole) 6 as a white solid.
Preparative scale. The above polymerization conditions were applied in higher scale (0.350 g of compound 5) to yield poly(ester-triazole) 6 in 90% yield.
Formation of cyclic oligomers. To a solution of compound 5 (0.100 g, 0.30 mmol) in DMF (6 mL), CuOAc was added (0.004 g, 0.030 mmol) under Ar atm. The mixture was stirred at 80 C for 4 days under a static Ar atm, when tlc revealed two main products (R f ¼ 0.52 and 0.44, EtOAC). Aer concentration, the residue was dissolved in CH 2 Cl 2 and extracted with 1 M NH 4 OH (3 Â 4 mL) and H 2 O (2 Â 4 mL). The organic phase was dried with MgSO 4 and concentrated. The residue was subjected to column chromatography (EtOAc). The faster moving fraction (R f ¼ 0.52) was a mixture of two compounds (8 and 9), while the other component (R f ¼ 0.44) was isolated as a single product, which was identied as the cyclotetramer 10 
Hydrolysis of poly(ester-triazole) 6
Hydrolysis experiments were carried out on poly(ester-triazole) 6 ( Table 1 , entry 16). In a typical procedure, polymer 6 (0.010 g) was suspended in a buffer solution (1 mL) and vigorously stirred at room temperature or at 80 C. Aer ltration, the solution was concentrated at reduced pressure. The residue was dissolved in D 2 O, while the material that remained insoluble aer hydrolysis was dissolved in CDCl 3 . Both solutions were analyzed by NMR spectroscopy. Buffer solutions were: pH 2 (0.1 M H 3 PO 4 /NaCl buffer), pH 7.4 (0.1 M Na 2 HPO 4 /KH 2 PO 4 buffer), and pH 10 (0.1 M glycine/NaCl). Alternatively, 0.5 M TFA (1 mL) was used and the mixture was stirred at 65 C overnight.
Results and discussion

Monomer synthesis
Poly(ester-triazole)s were synthetized using the a-azido-ualkyne ester 5 as monomer. Compound 5 (Scheme 1) was obtained from D-galactone-1,4-lactone (1) . The brominated intermediate 2 was prepared from 1, 18 which was treated with sodium azide to yield the 6-azido methyl ester 3. Alkaline hydrolysis of the ester gave the O-isopropylidene protected galactonic acid 4. Esterication of the acid with propargyl alcohol was achieved using 1-hydroxybenzotriazole (HOBt) and N-(3-dimethylaminopropyl)-N 0 -ethylcarbodiimide hydrochloride (EDCI) as condensing agents, in the presence of N,N-diisopropylethylamine (DIPEA). Monomer 5 was obtained in 68% overall yield from 1.
The FTIR spectrum of 5 showed characteristic signals for alkyne and azide groups at 3243 and 2090 cm À1 , respectively. The 1 H NMR spectrum ( Fig. 1(a) ) exhibited characteristic resonances for H-1 0 a (4.80 ppm), H-1 0 b (4.78 ppm), and H-3 0 (2.49 ppm), which conrmed the presence of the propargyl ester, together with signals from the sugar moiety. The 13 C NMR spectrum of compound 5 showed the signals from the propargyl ester at 53.0, 77.0, 75.6, and 170.2 ppm (C-1 0 , C-2 0 , C-3 0 , and C] O, respectively).
Click polymerization
In order to optimize the polymerization conditions, the CuAAC reaction was carried out under varied monomer concentrations, heating conditions (conventional heating or microwave irradiation), reaction times and using solvents of different polarity (DMSO, DMF, THF, MeOH, or in bulk) as shown in Table 1 . Thermal cycloaddition in the absence of copper was attempted as well. The products were analyzed by NMR and FTIR spectroscopies, and the molecular weight distributions were estimated by GPC.
The CuAAC polymerization in bulk (Table 1, entry 1) gave mainly the expected poly(ester-triazole) 6 (Scheme 2). The FTIR spectrum suggested a high polymerization degree, since the absorption at 2089 cm À1 (from azide terminal group) was not observed. The C]O band changed from 1758 cm À1 (monomer) to 1741 cm À1 in the poly(ester-triazole), thus absence of hydrogen bond was assumed for the carbonyl group. 20 The polymers showed characteristic NMR resonances at 7.81 and 5.32 ppm, due to triazole-CH (H-3 0 ) and OCH 2 (H-1 0 ), respectively. In polymerizations carried out without catalyst (entries 2 and 3), the triazole-CH signal at 7.81 ppm was accompanied by additional resonances at 7.78, 7.76, and 7.70 ppm. The signal at 7.70 ppm was assigned to the CH of the 1,5-disubstituted triazole ring 15 (the y fragment in polymer 7), due to the absence of Cu(I) catalyst. The two remaining signals (7.78 and 7.76 ppm) were attributed to macrocyclic oligomers formed as by-products, as a result of the exibility of the monomer chain. The random distribution of 1,4-and 1,5disubstituted triazole units in the backbone of 7 led to NMR spectra of increased complexity. The low yield in entry 2 was probably caused by the high temperature in the MW reactor, but this was overcome by reducing the temperature and irradiation time (entry 3).
When CuAAC polymerizations were carried out in MeOH (entries 4-6), under MW irradiation for 1 h (entry 4) the broad resonance for triazole-CH at 7.81 ppm was more complex, and the additional signals at 7.73, 4.81, and 3.78 ppm ( Fig. S13 in ESI †) were assigned to polymer chains modied by trans-esterication with the solvent. This side-reaction on the terminal propargyl ester would prevent further polymerization, and methanolysis of the ester groups included in the backbone (Scheme 3) led to splitting of the main chain in two segments, one containing the methyl ester (11) and the other with a terminal hydroxymethylene group linked to the 1,4-disubstituted triazole (12) , which accounted for the resonances at 7.73 and 4.81 ppm. The signals of polymer 6 and the terminal triazole-CH in the ester by-products indicated an approximately 1 : 1 molar ratio, revealing a high degree of transesterication in rather short-length oligomers. With the aim of reducing this side-reaction, shorter reaction times (entry 5) and lower temperatures (entry 6) were tried. The methanolysis was reduced but not fully suppressed; therefore, MeOH was not a convenient solvent. For polymerizations carried out in THF (entries 7-10) the best conditions (in terms of yield, molecular weight, and selectivity in triazole substitution) were achieved for entries 9 and 10, but the proportion of cyclic oligomers was high.
Polymerizations in DMF (entries 11-18) led to poly(estertriazole)s in good yields but with variable proportions of cyclic by-products. CuAAC polymerization under conventional heating for a long period (entry 16) led a low content of the macrocycles. These compounds were analysed by tlc (R f 0.52 and 0.44 in EtOAc) and were extracted by washing the polymeric material with hexane. The NMR spectra of the hexane-soluble fraction showed absence of terminal azide or alkynyl end groups, in accordance with their cyclic nature.
The formation of the cyclic products was favoured by CuAAC reactions in diluted solutions (entry 17). Fractionation by column chromatography gave a rst fraction, which appeared as a single spot on tlc (R f 0.52) but was, in fact, a mixture of two compounds, later identied as the cyclic dimer 8 and trimer 9 (in a 0.6 : 1.0 ratio respectively). Further fractions afforded the cyclic tetramer 10. The number of repeating units constituent of these cyclic compounds was determined by HRMS. The early eluting fraction gave two pairs of signals (m/z 679.2899, 701.2740 and 1018.4313, 1040.3821), corresponding to [M + H] + and [M + Na] + for dimer 8 and trimer 9, respectively; while the other fraction showed only m/z 1357.5703 and 1379.5000 corresponding to the cyclotetramer 10. In addition, the NMR spectra ( Fig. 1) conrmed that triazole-CH gave signals at 7.76 and 7.78 ppm for trimer 9 and tetramer 10, respectively.
As expected, the polymerization with higher concentration of monomer 5 (3.0 M) led mostly to poly(ester-triazole) 6 (66%, entry 17), which upon purication was practically free of cycles 8-10. However, the molecular weight was lower than that recorded for entry 16. Probably, the higher concentration of 5 would promote precipitation of the polymer in earlier polymerization steps, lowering the molecular weight. Therefore, the CuAAC polymerization of 5 was carried out on preparative scale under the conditions of entry 16, which afforded polymer 6 in high yield (90%).
The poly(ester-triazole)s were soluble in many organic solvents, such as chloroform, dichloromethane, DMSO, and DMF, but were insoluble in water, MeOH, EtOAc, THF, acetone or hexane. The higher solubility of the polymers, in comparison with the poly(amide-triazole)s previously synthesized in our laboratory, 15 could be attributed to the fact that the ester linkage, in contrast to the amide NH, cannot participate as hydrogen linkage donor. Also, the solubility could be improved by the more exible backbone given by the O-isopropylidene protecting groups, in comparison with the fused 1,3-dioxane ring.
The molecular weights were estimated by GPC with polystyrene standards. Some samples gave bimodal distributions, with one peak centred at extremely high molecular weight values (300-500 kDa). As this unexpected molecular weight was attributed to aggregation, the samples were analysed using DMF with 0.05% LiBr and 100 mM ethylenediamine as the mobile phase, which led to a pronounced decrease in these peaks.
The poly(ester-triazole)s were also analysed by MALDI-TOF mass spectrometry using a wide variety of matrices and additives (salt dopants). As an example, the MALDI-TOF spectra of the poly(ester triazole) 6 obtained by CuAAC polymerization ( Table 1 , entry 13) was recorded under varied conditions, and the main peaks are listed in Table 2 ( Fig. S19 in ESI †). When DHB was used as MALDI matrix, with or without addition of NaCl dopant, the [M n + Na] + adducts were detected up to m/z 3500 (n ¼ 10, where n is the polymerization degree). By sample doping with of AgNO 3 , the [M n + Ag] + ions were detected again up to n ¼ 10, together with [M n + Na] + minor signals. The efficiency of desorption/ionization for these oligomers was lower with CuOAc, as the main signals observed were [M n + Cu] + with n ¼ 2-5. Additionally, when nHo$HCl was used as matrix in positive and negative ion modes, only high intense signals were registered for oligomers with n ¼ 2-4. In positive ion mode, the [M + H] + species appeared together with the corresponding [M + Na] + and [M + K] + ; while the negative ion mode spectrum showed [M + Cl] À peaks. All these results (tlc, NMR spectroscopy, ESI and MALDI MS) conrmed that compounds 8-10 (Scheme 2) were cyclic, whereas the oligomers with higher molecular weights (n > 5) were linear. The intensities of the ions with n ¼ 2-4 in the MS recorded with nHo$HCl in positive and negative ion mode were also in agreement with their cyclic nature, since the cyclic members are usually more efficiently desorbed/ionized by MALDI than the corresponding linear isomers within different families of compounds (polysaccharides, proteins, polypeptides, and lipopeptides, among others). 19, 21 MALDI-MS gave also structural information on the species obtained by transesterication when MeOH was used as solvent (Table 1, Table S1 (ESI †) .
Finally, in the spectrum obtained with DHB for the poly(ester-triazole) 7 prepared without addition of copper as Fig. S22 in ESI †). The recorded molecular weights and the corresponding molecular formula (Table S2 , ESI †) were the same as those for the poly(ester-triazole) 6 prepared with copper catalysis (Table 1 , entry 13; Fig. 2 ), in agreement with the expected regioisomerism.
Comparison of the results obtained by MALDI MS and GPC indicated that only the lower linear oligomers were detected by the MS technique. This was consistent with the mass discrimination effect usually observed in polydisperse polymers, owing to a combination of factors related to desorption/ionization and detection processes. This mass discrimination in MALDI MS has been found to underestimate the polymer molecules of higher mass. [22] [23] [24] Thermal analysis
The thermal stabilities of poly(ester-triazole)s were evaluated by TGA. The rst weight loss (less than 10%), near to 100 C, was attributed to the loss of residual water. Then, decomposition took place in two stages. The rst one (305-335 C), which accounted for the major mass loss (60-77%), could be related to the degradation of the carbohydrate residue; while the remaining triazole moiety was expected to be degraded above 490 C (492-524 C, 20-33% mass loss). All the polymers were stable below 250 C ( Table 3) .
Monomer 5 was analysed by differential scanning calorimetry (DSC). In the rst heating cycle a melting process was observed at 62 C (DH m 96.8 J g À1 ) followed by a wide exothermic peak centred at 143 C (DH r 637 J g À1 ) that was associated to the thermal cycloaddition (Fig. 2) .
The polymers were also analysed by DSC (Table 3) ; a representative example is shown in Fig. 2 . Some CuAAC poly(estertriazole)s showed, in the rst heating cycle, an endothermic phase transition associated to a melting process, in the range 194-212 C.
In the second heating cycle, glass transitions (T g ) were observed for all the poly(ester-triazole)s at well-dened temperatures, with values related to the polymerization conditions employed. The lowest T g (46.4-75.5 C) were recorded for products synthesized in MeOH (entries 4-6) and in THF without catalyst (entry 7). This result was in accordance with the low molecular weight and less regular structure of the products (presence of randomly distributed triazole 1,5-disubstituted residues). For bulk polymerizations (entries 1-3) the T g values increased to 92.3-97.8 C, either with or without copper catalysis. A similar average T g ($98 C) was obtained for CuAAC polymerizations carried out in THF (entries 8-10); while CuAAC polymerizations carried out in DMF (entries 11-18) gave the highest T g (up to 103 C).
Finally, the cyclotetramer isolated from the reaction mixture (Table 1 , entry 17) exhibited in the rst heating cycle a melting process at 212 C (DH m 52.6 J g À1 ). The second heating cycle showed T g (90 C), crystallization (170 C, DH c 29.5 J g À1 ) and melting (209 C, DH m 31.1 J g À1 ) processes (Fig. 3) . In accordance with its regular structure, compound 10 crystallized rapidly from the melt, to give a melting point similar to that observed in the rst heating cycle. The poly(amide-triazole)s previously synthesized, derived from D-gluconolactone and having fused methylidene protecting groups in the repeating unit, gave T g above 188 C. 13 The poly(ester-triazole)s prepared herein comprise more exible repeating units, with isolated isopropylidene acetal rings, and the ester linkage could only behave as acceptor for hydrogen bonding. Because of these facts lower T g values were observed, but they are still relatively high values in comparison with those of other carbohydrate-derived polytriazoles. 7, 8, 12 SEM characterization of poly(ester-triazole)s
The microstructure of the polymers was examined by SEM ( Fig. 3) , which showed varied types of ordered structures. A highly entangled brillar network was registered for the polymer of entry 1, the sample with the highest T m detected by DSC. The smaller brils (ca. 20 nm diameter) were bundled in rope like arrangements of 150 nm width and more than 1.7 mm length. On the other hand, the poly(ester-triazole) from entry 2, obtained in bulk and without catalyst, exhibited a morphology of stacked layers of $1 mm height. The sample of entry 9, obtained by CuAAC polymerization in THF, gave a tile like arrangement (80 nm depth, 170 nm width, 1000 nm length). Finally, the poly(ester-triazole) from entry 11 showed woven lamellae, with segments of 150-220 nm width.
Hydrolytic degradation of poly(ester-triazole) 6
The hydrolytic degradation of poly(ester-triazole) 6 was carried out by subjecting samples in aqueous buffer solutions at pH 2, 7.4, or 10 at room temperature or 80 C ( Table 4 , Scheme 4). The degradation was followed by NMR spectroscopy of the ltered supernatant (in D 2 O) and the remaining solid (in CDCl 3 ). In acid buffered solution (pH 2), the material was stable at room 
